INTRODUCTION
Sequencing the Neanderthal genome Prü -fer et al., 2014) , the Denisovan genome (Reich et al., 2010) , and several early modern human genomes from Eurasia (Fu et al., 2014 (Fu et al., , 2015 has confirmed that archaic hominins left their mark in the genomes of modern humans (Plagnol and Wall, 2006; Sankararaman et al., 2014; Vernot and Akey, 2014; Vernot et al., 2016) . Present-day individuals in Eurasia inherited $2% of their genome from Neanderthals , and individuals from Oceania inherited $5% of their genome from Denisovans (Reich et al., 2010) . Suggestive evidence indicates that admixture from other unidentified hominin species occurred in Africa (Hammer et al., 2011; Hsieh et al., 2016; Lachance et al., 2012; Plagnol and Wall, 2006; Wall et al., 2009 ).
To understand the functional, phenotypic, and evolutionary consequences of archaic admixture, it is necessary to identify the specific haplotypes and alleles that were inherited from archaic hominin ancestors (Huerta-Sá nchez et al., 2014; Juric et al., 2016; Sankararaman et al., 2014; Simonti et al., 2016; Vernot and Akey, 2014) . Approaches to identifying introgressed haplotypes include methods that specifically incorporate reference archaic hominin genome sequences and reference-free methods that do not utilize such information. An example of the former category is the method of Sankararaman et al. (2014) , which identifies archaic haplotypes by comparing modern human haplotypes to a reference archaic sequence. The latter category of methods include the S* statistic (Plagnol and Wall, 2006) , which searches for the mutational signature that ancient admixture leaves in the genomes of present-day humans.
The S* approach is powerful for finding introgressed haplotypes in the absence of an archaic reference genome because it leverages the unusual mutational characteristics of introgressed haplotypes. Because of the long divergence time between Neanderthals and modern humans, Neanderthals carry many alleles that are specific to their lineage. Such alleles are present on introgressed haplotypes but are absent or rare in African genomes. Further, based on the recent timing of admixture, introgressed haplotypes are expected to be maintained without recombination over distances of approximately 50 kb on average (Sankararaman et al., 2012) , resulting in high levels of linkage disequilibrium (LD) between Neanderthal-specific alleles in non-African human genomes.
In this study, we develop an S*-like method that has increased power and is suitable for large-scale genome-wide data. We apply the method to large sets of sequenced data from Eurasia and Oceania and identify putative archaic-specific alleles. We examine the rate at which these alleles match the sequenced archaic genomes and the role of the genes containing these alleles, to obtain insights into the history of the admixture events and their impact on modern human genomes.
RESULTS

Simulation Results
We first verify the accuracy of our method and compare it with two previous versions of S* designed for windowed analysis of genome-wide data (Vernot and Akey, 2014; Vernot et al., 2016) . The main differences between these two versions of S* is in the number of target individuals analyzed simultaneously. The 2014 version of S* analyzes subsets of 20 individuals (Vernot and Akey, 2014) , similar to the original gene-based S* (Plagnol and Wall, 2006) , whereas the 2016 version analyzes one individual at a time; doing so avoids potential effects of population structure . For both methods, we use a sliding window of 50 kb, with a step size of 10 kb. Previous analyses using these methods also used sliding windows of size 50 kb and step sizes of 10 or 20 kb (Vernot and Akey, 2014; Vernot et al., 2016) . We see that our method (Sprime) has a much better trade-off of detection frequency to accuracy than these previous versions (Figure 1 ). Several factors contribute to Sprime's superior performance. One factor is that our method avoids windowing, which allows it to build up power across larger regions of tiled introgression (Figure 2 ). When we apply our method in 50-kb windows, its performance drops considerably but still remains higher than that of the previous S* versions. Another factor is our simultaneous analysis of a larger number of individuals, although the difference in performance between analyzing 100 individuals and analyzing 15 individuals with our method is not very large. Other likely contributing factors for the difference in performance include our method's allowance for migration from introgressed populations to the simulated African outgroup, and our method's different scoring function.
We verified that our method is robust to variability in mutation rate, allele frequency, and demographic history. Accuracy remains high across a range of mutation rates, provided the sample size is at least 15 ( Figure S1 ). The accuracy of reported putative archaic-specific alleles is over 93% across the range of allele frequencies, with highest accuracy (over 98%) for the lower frequency alleles (frequency < 0.02). Detection frequency varies with mutation rate. With a constant mutation rate of 1:2310 À8 per base pair per meiosis, approximately half of the introgressed material is detected. The remaining introgressed material cannot be confidently identified because the introgressed segments are too short and/or the local mutation rate is too low. Across a wide range of demographic histories, with differing archaic-human split times and admixture times, accuracy remains at least 93% ( Figure S2 ).
Detection of Putative Archaic Introgression in Human Populations
We analyzed each non-African population from the 1000 Genomes Project (1000 Genomes Project Consortium, 2015 ( Table 1) . Across the 19 European, Asian, and American populations, we find 1.36 Gb of the genome covered by putative introgressed segments. In individual populations, coverage ranges from 382 Mb in Peruvians (PEL) to 655 Mb in Bengalis (BEB), and the average proportion of haplotypes carrying a detected segment at a position ranges from 0.80% in Puerto Ricans (PUR) to 1.23% in Han Chinese (CHB and CHS) (Figure 3 ). These detection rates are around half of the estimated introgression proportions obtained using f 4 -ratio statistics (Prü fer et al., 2017) . This is in line with the simulation results, in which half the introgressed material can be detected, whereas the other introgressed segments are too short for confident detection. East Asian populations have higher introgression detection rates than do European populations, consistent with previous reports of higher Neanderthal introgression rates in East Asians than in Europeans (Meyer et al., 2012; Sankararaman et al., 2014; Vernot and Akey, 2014; Wall et al., 2013) . The South Asian populations and European populations have similar rates of detected introgression, a fact that has been previously reported .
In the UK10K study (UK10K Consortium et al., 2015) , we find 304 Mb of the genome covered by one or more detected segments, and the average proportion of haplotypes carrying a detected segment at a position is 0.63%. This is lower than in the 1000 Genomes European populations. The lower detection rate in the UK10K may reflect characteristics of the methods used to generate this dataset. Detection frequency is the proportion of haplotypes with detected introgression after removing false-positive results and has a maximum possible value of 0.03 (the simulated admixture proportion). Accuracy is the proportion of the putative introgressed alleles that are truly introgressed. We use data simulated with a constant recombination rate (r = 10 À8 ) and constant mutation rate (m = 1:2 3 10 À8 ) so that the application of a score threshold is equivalent to application of a p value threshold. The full simulation model can be found in the STAR Methods. We show results for a range of score thresholds for each method. The default threshold for our method is 150,000 (black data points). Analyses were applied to 100 simulated target individuals and 100 outgroup (African) individuals, except as otherwise noted. Simulated regions were 10 Mb long. Analyses with S* used a sliding window of 50 kb, moving by 10 kb each step. The standard analysis with our method analyzes the full region without a sliding window, but we also applied it with the 50-kb sliding window for comparison. Papuans, in addition to Neanderthal ancestry, harbor significant amounts of Denisovan ancestry. In the Papuans from the Simons Genome Diversity Project (SGDP) , we find 239 Mb of the genome covered by one or more detected segments, and the average proportion of haplotypes carrying a detected segment at a position is 1.48%.
In the 1000 Genomes Eurasian populations, the detected putative introgressed haplotypes have median lengths ranging from 59 kb in Bengalis (BEB) to 71 kb in Finns (FIN). Due to tiling across individuals, the full segments that our method reports can be much longer (Figure 2 ). In the Eurasian 1000 Genomes populations, the median segment length varies from 205 kb in Iberians (IBS) to 239 kb in Telugus (ITU). The longest detected segment is 7.9 Mb.
Comparison to Sequenced Archaic Genomes
Our method infers putative archaic-specific alleles. If an archaic reference sequence exists, we can determine the proportion of putative archaic alleles that match the reference sequence. Some putative archaic-specific alleles cannot be compared to an archaic genome because of the masking filters that we applied (see the STAR Methods) to eliminate questionable regions due to factors such as low coverage or poor mappability. The match rate that we report is the proportion of matches for unmasked alleles.
In the 1000 Genomes European populations the overall match rate to the sequenced Altai Neanderthal genome is 0.719 (Figure 3) . By considering the larger UK10K sample, we can investigate the effect of allele frequency in detail. In the UK10K analysis, the rate of matching of the detected alleles to the Altai Neanderthal is fairly constant across the full range of allele frequencies, with an overall rate of 0.743. In contrast, randomly selected alleles that, like the putatively archaic-specific alleles, are at frequency < 0.01 in the West African outgroup have a very low rate (0.034) of matching to the Altai Neanderthal (Figure S3 ). This demonstrates that the match rate achieved by our method is much higher than would be found if a high proportion of the putative archaic-specific alleles were false positive. The match rate to the Altai Neanderthal and Altai Denisovan genomes is lower in the American populations than in the other 1000 Genomes populations (Figure 3 ). This is likely because the American populations are admixed and thus have higher background levels of LD that could cause false-positive results.
Two Waves of Denisovan Ancestry
In order to look more closely at the Neanderthal and Denisovan ancestry in present-day humans, we plot two-way densities of match rate to the Altai Neanderthal and Altai Denisovan genomes for segments with at least ten positions that can be compared to the Altai Neanderthal and at least ten positions that can be compared to the Altai Denisovan (Figure 4) . In each population, we see a large cluster of segments with high matching to the Altai Neanderthal and low matching to the Altai Denisovan. This cluster corresponds to segments introgressed from Neanderthals. In each population the mode of matching to the Altai Neanderthal for this cluster is approximately 0.8, whereas the mode of matching to the Altai Denisovan genome is approximately 0.2. Thus approximately 20% of the archaic-specific variants introgressed from Neanderthals are also carried by the Altai Denisovan due to the relatedness of the Neanderthal and Denisovan populations, whereas 80% of the archaic-specific variants introgressed from Neanderthals are present in the Altai Neanderthal. In each population we also see a small cluster of segments with almost no matching to the Altai Neanderthal or to the Altai Denisovan; these are likely to be false-positive results that do not correspond to archaic introgression. In the Asian and Papuan populations we see a third cluster of segments. The segments in this third cluster have high matching to the Altai Denisovan and low matching to the Altai Neanderthal. This cluster corresponds to segments introgressed from Denisovans and confirms the previous finding of Denisovan admixture in Papuans and in Asians Qin and Stoneking, 2015; Sankararaman et al., 2016; Skoglund and Jakobsson, 2011) . Figures 4 and 5 also indicate that several other populations may carry a small proportion of segments introgressed from Denisovans. These include the Finns, who are estimated to have obtained around 7% of their ancestry from East Asia (Sikora et al., 2014) , and admixed American populations whose Native American ancestors are related to East Asians (Gutenkunst et al., 2009 ).
In the Japanese and Chinese (Dai, Beijing, and Southern Han) populations we see that the Denisovan cluster of segments has a wide and bimodal distribution of match rates to the Altai Denisovan genome (Figure 4) of these four populations (Table 2 ) but is not significant in the other 1000 Genomes populations. The fitted two-component mixture has approximately one-third of the Denisovan segments in the Japanese and Chinese populations coming from the component with higher affinity to the Altai Denisovan genome. The putative archaic-specific alleles in the high-affinity component have a match rate of around 80% to the Altai Denisovan genome, which is similar to the match rate of putative archaicspecific alleles in Neanderthal introgressed segments with the Altai Neanderthal, whereas the putative archaic-specific alleles in the other (moderate-affinity) component have a match rate of around 50% to the Altai Denisovan genome.
To check that the moderate-affinity component is not due to segments that are a mosaic of Neanderthal and Denisovan ancestry, we reran the two-component mixture test excluding segments containing any Neanderthal-specific alleles (putative archaic-specific alleles matching the Neanderthal genome but not the Denisovan genome). We find that the same four populations (the three Chinese populations and the Japanese population) still have statistically significant p values for a two-component mixture after adjusting for multiple testing (p < 0:0026), and the estimated mixture parameters are essentially unchanged.
Based on the mode of matching to the Denisovan genome, most of the Denisovan ancestry in the South Asian and Papuan populations is from the archaic component with moderate affinity to the Altai Denisovan (Figure 4 ). This is consistent with previous work that noted that the Altai Denisovan is significantly more distantly related to the introgressing Denisovans compared to the relationship between the Altai Neanderthal and the introgressing Neanderthals .
To facilitate further analyses, we extracted subsets of segments based on their affinity to the Altai Neanderthal and to the Altai Denisovan (see the STAR Methods). We performed several analyses to check for possible confounders of match rate to the Denisovan genome. We checked whether the divergence between the Altai Neanderthal and Altai Denisovan differs between regions covered by the moderate-affinity Denisovan introgression and the high-affinity Denisovan introgression in case such differences could account for the two components. In the East Asian data, the mean relative divergence (number of homozygous discordances between the Altai Neanderthal and Altai Denisovan divided by the number of 1000 Genomes variants) per segment was 1.65 (SE 0.26) for high-affinity Denisovan segments and 2.51 (SE 1.00) for moderate-affinity Denisovan segments. The difference is not statistically significant (p > 0.05). We also investigated the average density of putative archaic-specific variants in segments attributed to the different components. We adjusted for length of the detected segments, because the power to detect segments increases with both length and the density of archaic-specific variants. In the East Asian data, the adjusted mean inverse density (bp per archaicspecific variant) was 103 (SE 440) for the high-affinity Denisovan segments, 395 (SE 464) for the moderate-affinity Denisovan segments, and 1,164 (SE 72) for the Neanderthal segments. The difference is not statistically significant (p > 0.05). Thus we do not find confounding by divergence or by density of archaic-specific alleles. We investigated the lengths of haplotypes within segments attributed to the different components in order to investigate potential differences in admixture time between components. We analyzed haplotype lengths in units of centimorgans (cM) rather than base pairs because centimorgan distances reflect recombination and are thus less variable. We adjusted for frequency and overall segment length because high frequency and high segment length increase power to detect a segment and are correlated with haplotype length. In the East Asian data, the mean adjusted haplotype length was 0.066 (SE 0.014) cM for Neanderthal segments, 0.19 (SE 0.13) cM for high-affinity Denisovan segments, 0.072 (SE 0.13) cM for moderate-affinity Denisovan segments, and 0.13 (SE 0.06) cM for Denisovan segments overall. These are not significantly different. We also checked for differences in Europeans, in South Asians, in Asians overall (East and South), and in Papuans, again finding no significant differences. While it is probable that the Neanderthal admixture and the two waves of Denisovan admixture occurred at distinct times, there is insufficient information in the data to determine the ordering of these events.
Overall, East Asians and South Asians carry similar amounts of detected Denisovan ancestry, while Papuans carry much more detected Denisovan ancestry ( Figure 5 ). Approximately one-third of the Denisovan ancestry segments in the East Asians are from the high-affinity component (Table 2) , whereas very little of the Denisovan ancestry in the South Asians and Papuans is from the high-affinity component ( Figure 4) . A possible scenario consistent with this pattern would have the high-affinity component introgressing into East Asia after the split between East and South Asia. Because the Papuans have a much higher frequency of the moderate-affinity Denisovan component than other populations, it may be that this component was primarily introgressed into the ancestors of Papuans after they split from Asia, and arrived in Asia via migration from the ancestors of Papuans; however, other scenarios are also possible Sankararaman et al., 2016) .
Lack of Evidence for Multiple Waves of Neanderthal Ancestry
The frequency of Neanderthal introgression is substantially higher ($30%) in East Asians than in Europeans (Meyer et al., 2012; Wall et al., 2013) . This difference cannot be explained by differential effects of selection, but could be due to an additional Neanderthal admixture event into the ancestors of East Asians after the Europe-Asia split (Kim and Lohmueller, 2015; Vernot and Akey, 2015) . Another possible explanation would be dilution of Neanderthal admixture in Europe due to migration from a population without Neanderthal admixture (Meyer et al., 2012; Vernot and Akey, 2015) .
In our results, the Neanderthal-introgressed segments in East Asians and in Europeans show indistinguishable levels of Table 1 . Populations are colored by region (European in black; East Asian in red; South Asian in blue; and American in magenta). Match rate is the rate at which putative archaic-specific alleles match the sequence of the archaic genomes. Detection rate is the average proportion of each haplotype inferred to be introgressed. See also Figure S3 .
similarity to the Altai Neanderthal ( Figure 4 ). There is also no clear difference between East Asians and Europeans in the similarity of their Neanderthal-introgressed segments to the Vindija 33.19 Neanderthal ( Figure S4 ). Thus, if the ancestors of East Asians received a large pulse of Neanderthal admixture after splitting from Europeans, then the original (shared Eurasian) and additional (East Asian-specific) admixing populations must have been closely related.
Signals of Positive Selection
We looked for introgressed segments with highest frequency in 1000 Genomes populations. Specifically we found in each population the two regions of highest frequency that had high matching to the Altai Neanderthal or Altai Denisovan genome (see the STAR Methods). Table S1 lists the regions. All these regions appear to have been introgressed from Neanderthals rather than Denisovans. Several of the positively selected regions have been described previously, including BNC2, POU2F3, and KRT71, which are involved in skin and hair traits Vernot and Akey, 2014) . Genomic regions introgressed from Neanderthals and under positive selection have been shown to be enriched for genes involved in pigmentation and immunity (Deschamps et al., 2016; Gittelman et al., 2016; Racimo et al., 2015; Sankararaman et al., 2014 Sankararaman et al., , 2016 Vernot and Akey, 2014; Vernot et al., 2016) . 
. Contour Density Plots of Match Proportion of Introgressed Segments to the Altai Neanderthal and Altai Denisovan Genomes
The match proportion is the proportion of putative archaic-specific alleles in a segment that match the given archaic genome, excluding alleles at positions masked in the archaic genome sequence. Segments with at least ten variants not masked in the Neanderthal genome and at least ten variants not masked in the Denisovan genome are included. Numbers inside the plots indicate the height of the density corresponding to each contour line. Contour lines are shown for multiples of 1 (solid lines). In addition, contour lines for multiples of 0.1 between 0.3 and 0.9 (dashed lines) are shown for additional detail. European populations are given in the first row, East Asian populations in the second row, South Asian populations in the third row, and American and SGDP Papuan populations in the final row. Additional information about the populations can be found in Table 1 . See also Figure S4 .
In addition to the regions that have been extensively described in previous studies of positively selected archaic introgression, our results include two immunity-related regions, which we highlight here. The first of these immunity-related regions is on chromosome 3p21.31. This region was included in a supplementary table of high-frequency introgressed haplotypes in Gittelman et al. (2016) , but was not discussed in that work. The introgressed alleles at this locus are at high frequency in South Asia (0.38). The region contains CCR9 (C-C motif chemokine receptor 9) and CXCR6 (C-X-C motif chemokine receptor 6), which are chemokine receptors involved in immunity (Papadakis et al., 2000; Paust et al., 2010; Zlotnik and Yoshie, 2000) .
The second of these immunity-related regions is on chromosome 14q32.33. The introgressed alleles in this region are at very high frequency throughout Eurasia. This region is located in the immunoglobulin heavy locus, which contains multiple genes that code for antibodies (Schroeder and Cavacini, 2010) . Immunoglobulin heavy genes contained within the high-frequency region are IGHA1, IGHG1, and IGHG3. The most highly conserved introgressed position is rs10144746 (PhyloP score 4.1) and is an expression quantitative trait locus (eQTL) for IGHG4 and several other immunoglobulin heavy genes in various tissues including esophagus and liver. The high-frequency introgression is in a region with significant masking of the Altai Neanderthal and Altai Denisovan genomes due to poor quality sequence. For example, for the segment found in the Southern Han Chinese (CHS) population, 119 of the 145 putatively introgressed alleles are filtered in the Altai Neanderthal genome (see the STAR Methods). Of the 26 unfiltered alleles, 22 match the Altai Neanderthal genome. Thus this region appears to be derived from Neanderthal admixture, but would be difficult to find using a reference-based approach.
DISCUSSION
We applied a new method for detecting archaic introgressed segments to worldwide non-African populations from the 1000 Genomes project, Papuans from the SGDP and individuals from the UK10K project. Our method is reference-free, which means that it can detect introgression from archaic admixing populations without a reference sequence. We show that when a reference sequence exists, comparison of the detected segments to the reference genome can lead to new insights into population history.
We found evidence that Asians carry Denisovan introgression, confirming previous reports that used alternative methods Qin and Stoneking, 2015; Sankararaman et al., 2016; Skoglund and Jakobsson, 2011) . Further, we found evidence for two waves of Denisovan admixture, one from a population closely related to the Altai Denisovan individual, and one from a population more distantly related to the Altai Denisovan. The component closely related to the Altai Denisovan is primarily present in East Asians, whereas the component more distantly related to the Altai Denisovan forms the major part of the Denisovan ancestry in Papuans and South Asians. The East Asian populations are the only populations with relatively equal and non-negligible contributions from both components, and it is in these populations that the two waves of Denisovan admixture are most evident.
In contrast, we did not find evidence for two or more waves of Neanderthal admixture from diverged Neanderthal populations. The higher rates of Neanderthal introgression in East Asians Definitions of the affinity groups are given in the STAR Methods. Unclassified material includes segments that are too short to be confidently classified into an affinity group, as well as longer segments that have low levels of affinity to the archaic genomes. relative to Europeans may be due to dilution of Neanderthal admixture in Europeans as a result of migration from a population without Neanderthal admixture (Meyer et al., 2012; Vernot and Akey, 2015) . If there was an additional pulse of Neanderthal admixture into East Asians after the Europe-Asia split, then it was from a population closely related to the primary admixing Neanderthals.
We found a number of high-frequency introgressed haplotypes that appear to have been subject to positive selection. Two of these regions are involved in immunity, containing the immunoglobulin heavy locus and a cluster of chemokine receptors. These regions, in addition to previous reports of positively selected introgressed haplotypes in histocompatibility leukocyte antigen (HLA) genes (Abi-Rached et al., 2011), Toll-like receptors (Deschamps et al., 2016) , and many other immunity genes (Abi-Rached et al., 2011; Deschamps et al., 2016; Quach et al., 2016; Racimo et al., 2015) underscore the crucial role that Neanderthal introgression played in adapting the human immune system to the pathogenic landscape of Eurasia.
Our results were obtained using a new S*-like algorithm for genome-wide reference-free introgression detection. Our method is implemented in the freely available software package Sprime and is computationally efficient for analysis of large sequenced datasets. For example, genome-wide analysis of nearly 4,000 UK10K individuals required only 4 hr of computing time on a 2.6 GHz CPU. As the number of whole-genome sequences continues to grow, computationally efficient methods, such as the one described here, will be essential for constructing a map of all surviving archaic hominin sequences in present-day human populations.
Our method reports the set of putative archaic-specific alleles in each introgressed segment. Direct identification of the putative archaic-specific alleles is useful for downstream analyses. Rates of matching of these alleles to a reference archaic genome indicate the degree of divergence between the introgressing and sequenced archaic individuals. The usefulness of these match rates is shown in this study, where they reveal two pulses of Denisovan admixture.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: The first step of the algorithm is to read in the genotype data, considering each allele at each position of variation and grouping the alleles into three classes: those common in the outgroup, those not seen in the outgroup, and those uncommon but present in the outgroup. The threshold used to distinguish common versus uncommon variants is 0.01 for the analyses presented here. The common alleles (those with frequency > 0.01 in the outgroup) are excluded from further consideration, because it is unlikely that they are mutations that arose on the archaic lineage.
The next step is to find segments (i.e., sets of alleles) which maximize the score function (described below). We process one chromosome at a time, and we first find the set of alleles with the highest score. These comprise the first segment. We remove those alleles from consideration and proceed to find the next set of alleles with the highest score: these comprise the second segment. We remove these alleles and continue until the set of alleles with the highest score, among those that remain, has a score that is less than the user-specified threshold (150,000 in this study, except where otherwise noted). S*-type scoring For a given set of alleles, a 1 ; a 2 ; .; a J , ordered by position on the chromosome, the score S is defined to be the sum of adjacent pairwise scores T. That is,
Tða j ; a j + 1 Þ Due to the pairwise definition of the score S, it can be maximized over all possible sets of alleles using a dynamic programming algorithm. This algorithm was described by Plagnol and Wall (2006) , and is reported here for completeness. Consider all alleles v 1 ; v 2 ; .; v V that are absent or uncommon in the outgroup, ordered by genomic position. Define S Ã 1 = 0, and
is the maximal score for a segment that ends with allele v j . The highest scoring segment has score equal to max j = 1;2;.;V S Ã j . The putative archaic-specific alleles that comprise this segment are those alleles that were used to obtain this maximal score.
Much of the description so far is essentially the same as that of Plagnol and Wall (2006) , with the exceptions being the application of a non-zero allele frequency threshold to the outgroup, and the iterative procedure to find multiple segments across a chromosome rather than just one segment in a small region. However, our definition of the pairwise score function T, given below, differs significantly in its details from the pairwise score used by Plagnol and Wall, although it is similar in spirit. Our pairwise score is designed to enable analysis of arbitrarily large target samples and to adjust for local mutation and recombination rates. Accounting for number of target samples in the score Consider a pair of alleles v 1 and v 2 for which we want to calculate the score Tðv 1 ;v 2 Þ. Let i index individuals in the target sample. Write X i1 for the dose (number of copies) of v 1 in individual i, and similarly X i2 for v 2 . If the two alleles are truly archaic-specific and derive from a single introgressed haplotype, we expect to see X i1 = X i2 , unless individual i has a change in introgression status between the positions of these two alleles due to recombination between introgressed and non-introgressed haplotypes on the lineage of one of individual i's haplotypes. Define D = P i jX i1 À X i2 j , which is the count of such apparent recombination events. Note that when X i1 = X i2 = 1, it is possible that there have been two recombination events, so that while individual i's maternal chromosome was introgressed at the first position, it is individual i's paternal chromosome that is introgressed at the second position, or vice versa; however we ignore this possibility since it is expected to have low frequency. We expect nearby introgressed archaic-specific alleles to be in high LD (thus have small D) when they are close together on a chromosome. We require that adjacent alleles in a segment are not too far apart (so that the method doesn't bridge distinct segments) or too close (so that the method doesn't double count multi-nucleotide mutations). If the two alleles are more than 20 kb apart, or less than 10 bp apart, the score T is ÀN. We also require that there be some overlap in carrier individuals for the two alleles. If there is no overlap, i.e., P i X i1 X i2 = 0, then the score T is ÀN.
In the original S*, the score T takes a positive value if D is zero, a negative values if D is between 1 and 5, and is ÀN if D is greater than 5. Because D is often greater than zero in high frequency introgressed regions when the sample size is large, we take a more nuanced approach. We form the score as the sum of a positive part that depends on the local mutation and recombination rates and a negative part that penalizes the score when values of D are large relative to the introgression frequency.
Let n be the smaller of the number of haplotypes carrying the first allele and the number of haplotypes carrying the second allele, i.e., n = minð P i X i1 ; P i X i2 Þ. Each introgressed haplotype can end, resulting in a contribution to D, when it experiences a recombination. Thus when n is large (the introgressed haplotype is common), we expect to observe a proportionately larger number of recombination events, i.e., a larger value of D, compared to when n is small. Thus, in the pairwise score we work with the normalized value D=n. Accounting for migration, and for local mutation and recombination rates In the original S*, the terms in the score T did not depend on the local mutation rate or recombination rate. Also, the presence of low levels of introgression in the outgroup due to migration was not allowed for. We modify the positive term our score to adjust for local mutation and recombination rates, and to allow for a low frequency of introgression in the outgroup.
We want to consider alleles that have non-zero outgroup frequency f provided they are uncommon in the outgroup ðf%0:01Þ; however we slightly down-weight such alleles with 0 < f%0:01 relative to alleles with f = 0 because alleles with f > 0 are more likely to be of non-archaic origin. Let the weight w take value 1 if f = 0 and value 0:8 if 0 < f%0:01, where f is the frequency of the second allele in the outgroup.
We need to account for local differences in mutation rate and recombination rate. If the mutation rate is high and the recombination rate is low in a region, we will find a lot of high-LD pairs of alleles in the region, although many may not be due to introgression. On the other hand, if the mutation rate is low and the recombination rate is high, we will not find many high-LD pairs of alleles, archaic-specific or otherwise. The ratio of mutation rate to recombination rate determines the rates at which we expect find high-LD pairs of alleles, in both the introgressed and non-introgressed settings. Let m represent the local rate of mutation per centiMorgan (cM) per meiosis. We describe how we estimate m below. We score pairs of high-LD alleles more highly if they are in a region with a low rate of mutation per cM, however we don't want to score them arbitrarily highly when m is extremely low, as this would add excessive variability. Thus we adjust for the local rate of mutation per cM using the function ð1 À expð À 0:01=mÞÞ=ð1 À expð À 1ÞÞ. This function is approximately proportional to 1=ð100mÞ for large m, and has a maximum value of approximately 1.6. The scoring function Putting these pieces together, the positive term in T is proportional to wð1 À expð À 0:01=mÞÞ=ð1 À expð À 1ÞÞ, and the negative term is proportional to D=n. We chose the constants of proportionality that gave high accuracy in simulated data, obtaining the following score for a pair of alleles:
We now give a procedure to estimate m, the local rate of mutation per cM per meiosis.
m = ðlocal rate of mutations per bp per meiosisÞ 3 ðlocal bp per cM rateÞ
For the local rate of mutation we can utilize the local rate of assayed variation, or we can use the number of differences between the human reference sequence and a primate reference sequence such as macaque. We investigated both options and obtained similar results (data not shown), so we decided to proceed with the local rate of assayed variation based on the input genotype data file. Hence local rate of mutations per bp per meiosis = local variant density global variant density 3 m g where m g is the genome-wide mutation rate, for which we use 1:2310 À8 mutations per bp per meiosis for analysis of human data (Scally and Durbin, 2012) , and the true simulated mutation rate for simulated data. The local and global variant densities are obtained from the input VCF file as the number of variant positions in the region divided by the number of basepairs in the region. For the local rate of recombination, we utilize the HapMap genetic map, which is a fine scale map based on patterns of LD (International HapMap Consortium, 2007) . Although recombination rates differ between populations, at distances of 10 kb and greater the rates between diverse human populations are highly correlated (Kong et al., 2010) .
Over small distances, the estimated bp per cM rate and the estimated local mutation rate are expected to be somewhat inaccurate, as well as potentially varying between populations. We thus combine estimates from the small region of interest with estimates from slightly larger surrounding regions in a conservative manner, preferring to over-estimate rather than under-estimate m. Suppose the region of interest runs from position p 1 bp to position p 2 bp. To estimate the local mutation rate, we calculate the local rate of assayed variation for the region from p 1 bp to p 2 bp, then for the region from p 1 À 5000 bp to p 2 + 5000 bp, then for the region from p 1 À 10000 bp to p 2 + 10000 bp, considering regions with at least 6 assayed variants and stopping once we have a region with at least 10 assayed variants. We then take the maximum local mutation rate over these regions. Similarly, for local bp per cM rate we obtain the local rate (using interpolation as needed) from the HapMap map for the region from p 1 bp to p 2 bp, then for the region from p 1 À 5000 bp to p 2 + 5000 bp, then for the region from p 1 À 10000 bp to p 2 + 10000 bp, stopping once we have a region of genetic length at least 0.01 cM. We then take the maximum local bp per cM rate over these regions.
We tuned the parameters for our algorithm using simulated data and using the UK10K data with reference to the Altai Neanderthal genome. Unless otherwise specified, we use a score threshold of 150,000, which we found to give a good tradeoff between power and accuracy.
Simulation study
We used msprime (Kelleher et al., 2016) to simulate data and to determine introgression status in the simulated European individuals. Our simulation code is given in Table S2 . Our simulations comprised 100 replicates of 10 Mb, each with 100 present-day African individuals, 4,000 present-day European individuals, and 100 Neanderthal individuals from 2,000 generations ago. The purpose of the Neanderthal individuals is to provide true introgression status for the simulated European individuals. All individuals are diploid. We simulated a mutation rate of 2:4310 À8 per bp per meiosis and performed some analyses using all simulated variants and other analyses using a subset of the variants to obtain a lower mutation rate. We used a recombination rate of 10 À8 per bp per meiosis. The parameters for our demographic model were based on published estimates (Gazave et al., 2014; Gravel et al., 2011; Keinan and Clark, 2012; Scally and Durbin, 2012; Vernot and Akey, 2014) . The split between the ancestors of Neanderthals and modern humans was set to 16,000 generations ago (400,000 kya, assuming a generation time of 25 years). Effective population sizes were set to 15,000 for the ancestral human population and 1,500 for Neanderthals. The out-of-Africa human migration occurred 2,400 generations ago (60,000 kya), and the size of the out-of-Africa/European population was 2,000. The rate of migration between Africa and the out-of-Africa/European population was 10 À5 per individual per generation, which corresponds to a cumulative Eurasian admixture into Africa over 2,400 generations of 0.024. We allowed for introgression to occur between 1,980 to 2,000 generations ago at a rate of 0.0015, for an overall admixture proportion of 0.03. We allowed for rapid growth of 2% per generation in all human populations starting 200 generations ago with the development of agriculture.
To determine true introgression status for comparison with inferred introgression status, we checked coalescence times between each European haplotype and the 200 Neanderthal haplotypes. If a European haplotype coalesced with a Neanderthal haplotype more recently than the Neanderthal-human split time, we inferred that the European haplotype was an introgressed Neanderthal haplotype.
We use two metrics in assessing the performance of our method on simulated data. The first is accuracy. Our method calls putative introgressed alleles, and accuracy is the proportion of these alleles that are introgressed. That is, such alleles should be found only on introgressed haplotypes. The second metric is detection frequency, which is the proportion of haplotypes in the population that are both truly introgressed and carry introgressed alleles found by our method. This can be compared to the proportion actually carrying an introgressed haplotype (detected or not), which is 3%.
Whole genome sequence data We ran our statistical framework on 5,639 whole genome sequences from individuals in populations in Europe, Asia and Oceania. See Table 1 for a detailed description of the datasets used in this study. The 1000 Genomes data (1000 Genomes Project Consortium, 2015 are phase 3 version 5a downloaded from ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/. The Simons Genome Diversity Project (SGDP) data were downloaded from https://sharehost.hms.harvard.edu/genetics/reich_lab/ sgdp/phased_data/PS2_multisample_public/. The UK10K data (UK10K were obtained from the EGA (EGAD00001000740 and EGAD00001000741).
High coverage reference genomes for the Altai Neanderthal, Altai Denisovan and Vindija 33.19 Neanderthal (Prü fer et al., 2017) were obtained from http://cdna.eva.mpg.de/neandertal/Vindija/. Most of the analyses in this study were conducted prior to the publication of the Vindija 33.19 genome, and hence most Neanderthal-based analyses use the Altai Neanderthal rather than the Vindija 33.19 Neanderthal. These three genomes have been called with snpAD, an ancient DNA damage-aware genotyper (Prü fer et al., 2017) . When comparing putative introgressed alleles with an archaic genome, we applied the masks provided with these data and downloaded from http://cdna.eva.mpg.de/neandertal/Vindija/FilterBed/ which filter sites with coverage depth below 10, or mapping quality below 25, or that are within tandem repeats or indels, or that have poor mappability (Li and Durbin, 2011) . For sites that pass these filters, we report a match if the archaic genotype includes the putative archaic-specific allele and a mismatch otherwise. The match rate is calculated as the number of matches divided by the number of compared sites (matches and mismatches). Sites that do not pass the filters do not contribute to the match rate.
All analyses were performed on autosomes. We performed introgression detection in individual populations rather than continental groups to avoid potential effects of population structure. For analyses of the 1000 Genomes non-African populations, we used Yorubans as the outgroup. We also used the 1000 Genomes Yorubans as the outgroup when analyzing the UK10K data. Since the UK10K sample is large, rare introgressed variants may be present in the UK10K but not present in the 1000 Genomes study due to the much smaller European sample size in that study. So for the UK10K analysis, we assumed that the Yorubans are monomorphic for the UK10K major allele for variants called in the UK10K but not called in the 1000 Genomes project, which avoids filtering the minor alleles of such variants. In our analysis of the SGDP Papuans, we used the SGDP African samples as the outgroup.
QUANTIFICATION AND STATISTICAL ANALYSES
Estimation of match rate probability densities Two-dimensional probability densities for the contour density plots were estimated using the function kde2d from the MASS package in R with default settings but restricting to the range of interest.
Test for two distinct Denisovan components
We consider segments with at least 30 putatively introgressed alleles that can be compared with the Altai Neanderthal genome, at least 30 putatively introgressed alleles that can be compared with the Altai Denisovan genome, a match rate to the Altai Neanderthal genome of less than 0.3, and a match rate to the Altai Denisovan genome greater than 0.3. This should remove most false positive segments and segments that are of Neanderthal rather than Denisovan ancestry. Then, within a single population, we consider the distribution of match rates to the Denisovan genome. The match rate of a segment from a single introgression component should have an approximately normal distribution since the segments are relatively long (on average 300 kb with 150 variants) after the filtering steps listed above. We fit either a mixture of two Normal distributions or a single Normal distribution, in either case truncated below at 0.3. We perform a likelihood ratio test to compare these two models. We also performed a second likelihood ratio test using a different set of filters, as described in the main text.
Tests for differences between subsets of segments based on their affinity to the archaic genomes In order to compare the properties of introgressed haplotypes from different archaic sources, we extracted segments that are clearly of Neanderthal origin, or of Denisovan origin, considering only segments with at least 30 putatively introgressed alleles that can be compared with the Altai Neanderthal genome, and at least 30 putatively introgressed alleles that can be compared with the Denisovan genome. The Neanderthal segments are those with match rate higher than 0.6 to Altai Neanderthal and less than 0.4 to the Altai Denisovan genome. The Denisovan segments are those with match rate higher than 0.4 to the Altai Denisovan genome, and less than 0.3 to the Altai Neanderthal genome. From the latter group, we also extracted segments with higher or lower affinity to the Denisovan genome. The high-affinity segments are those with match rate higher than 0.7 to the Denisovan genome, while the moderate-affinity segments are those with match rate less than 0.6 (but higher than 0.4) to the Denisovan genome.
To examine divergence between the Altai Neanderthal and Altai Denisovan genomes for subsets of segments, we calculated for each segment the number of homozygous discordances between the Altai Neanderthal and the Altai Denisovan divided by the number of 1000 Genomes variants in the region. We calculated the mean of these values, and a standard error based on bootstrap resampling over chromosomes. We performed similar analyses to test for differential density of putative archaic-specific variants or differential introgressed haplotype lengths. For density of putative archaic-specific variants, we calculated the inverse density (bp per putative archaic-specific variant) for each segment, and the length of the segment in bp. We used least-squares regression to fit a linear model for inverse density as a function of the length and the square root of the length since the relationship with length was not linear. The intercept of this fitted model is the inverse density adjusted for length. We calculated approximate standard errors for the adjusted inverse density by bootstrapping over chromosomes, refitting the linear model for each bootstrap sample. For haplotype length, we first determined introgressed haplotype lengths as the lengths of the subintervals over which individuals carry putatively introgressed alleles, and averaged these lengths for each segment. We also determined the average frequency of the putative archaic-specific alleles in each segment, and the length of the segment in bp. We used least-squares regression to fit a linear model for average haplotype length as a function of the average archaic-specific allele frequency of the segment, the segment length, and the square root of the segment length. The intercept of this fitted model is the average haplotype length adjusted for frequency and segment length. We calculated approximate standard errors for the adjusted average haplotype length by bootstrapping over chromosomes, refitting the linear model for each bootstrap sample.
Adaptive introgression
Following previous work Racimo et al., 2015; Sankararaman et al., 2014 Sankararaman et al., , 2016 Vernot and Akey, 2014) , we report genomic regions containing putative introgressed alleles with high frequency in our analysis of the 1000 Genomes Eurasian populations.
We selected two high frequency regions in each population as follows: We first removed all alleles with frequency less than 0.3. Then for each introgressed segment we removed alleles with frequency less than 0.2 below the maximum introgressed allele frequency in the segment. After this frequency pruning we removed segments that didn't have either at least 10 variants that could be compared to the Altai Neanderthal genome and over 50% matching to that genome, or at least 10 variants that can be compared to the Denisovan genome and over 40% matching to that genome. Then we selected the two segments containing the highest frequency alleles. The region boundaries are the first and last introgressed alleles in the segment that have frequency no more than 0.2 below the highest introgressed allele frequency in the segment. When regions for two populations overlapped, we took the intersection. We report the selected high frequency regions in Table S1 .
For each putatively introgressed variant site within those regions, we retrieved basewise conservation phyloP scores (Pollard et al., 2010; Siepel et al., 2006) for multiple alignments of 99 vertebrate genomes to the human genome (phyloP100wayAll) available at the UCSC Genome Browser Conservation track. We further checked whether the variants with the highest PhyloP scores are gene expression QTLs using the GTEx Portal, and we checked whether these variants are coding variants using dbSNP. The y axis shows the proportion of alleles that match the Altai Neanderthal genome, and the x axis gives the allele frequency in the UK10K (plotted on a log scale). All alleles included in these analyses have frequency < 0.01 in the West African Yoruban (YRI) outgroup. The solid line is for putative archaic-specific alleles from our analyses, while the dashed line is for all alleles in the data with frequency < 0.01 in YRI. The match proportion is the proportion of putative archaic-specific alleles in a segment that match the given archaic genome, excluding alleles at positions masked in the archaic genome sequence. Segments with at least 10 variants not masked the Altai Neanderthal genome and at least 10 variants not masked in the Vindija 33.19 genome are included. Numbers inside the plots indicate the height of the density corresponding to each contour line. Contour lines are shown for multiples of 1 (solid lines). In addition, contour lines for multiples of 0.1 between 0.3 and 0.9 (dashed lines) are shown for additional detail. European populations are given in the first row, East Asian populations in the second row, South Asian populations in the third row, and American and SGDP Papuan populations in the final row. Additional information about the populations can be found in Table 1. 
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